ABSTRACT: Self-centering steel frame structures are advantageous in that they can control structural damage, reduce or eliminate residual deformation, and are easy to repair after strong earthquakes. A self-centering prefabricated steel frame with a column base connected by semi-rigid joints (SPSF-SRJ) is proposed in the present study. The goal is to address the problem of excessive plasticity that a self-centering prefabricated frame with a column base connected by rigid joints exhibits. In addition, a pseudo-dynamic test is performed on the sub-structure of the proposed system to investigate and discuss the seismic performance of the system, which is then compared with the seismic performance of a self-centering prefabricated steel frame with a column base connected by rigid joints (SPSF-RJ). The test results show that the proposed performance-based design goal can be realized in the SPSF-SRJ. The semi-rigid joints effectively protect the column base and eliminate or reduce the damage to the columns; after an earthquake, only the steel beams require repairs, which significantly reduces the post-earthquake repair cost.
INTRODUCTION
Self-centering steel frame structures are advantageous in that they can control structural damage, reduce or eliminate residual deformation, and are easy to repair after strong earthquakes. Rojas and Ricles et al. [1, 2, 3] studied friction-type self-centering steel frames. Lin et al. [4, 5] conducted a pseudo-dynamic test study on self-centering steel frames. Zhang et al. [6, 7] conducted experimental and theoretical studies on self-centering structural systems that dissipated energy through web friction devices and proposed a self-centering prefabricated steel frame system. The existing connection and plane frame tests showed that the system proposed by Zhang et al. [6, 7] . exhibited the aforementioned advantages of self-centering steel frames; in addition, with this proposed system, post-tensioned(PT) strands could be tensioned on the ground of the construction site instead of being tensioned above the ground, and the beam-column connections only need to be connected using the mixed bolting-welding method, which is used to connect conventional beam-column connections. However, Zhang et al. [6, 7] also discovered that plastic deformation of the bottom columns of the self-centering prefabricated steel frame still occurred under medium-earthquake or large-earthquake conditions. Hoseok et al. [8, 9] proposed the use of prestressed column connectors at the column base of a self-centering frame; their finite element simulation and experimental study showed that the column base of the system could return to their original position automatically; in addition, the energy-dissipation device installed at the column base prevented plastic deformation from occurring; however, due to the gravitational effect, the vertical anchor cable structure was complicated and achieved self-centering abruptly and thus, was not easily accepted by designers. Based on the research results of our research group as well as research groups in China and other countries, an self-centering prefabricated steel frame with a column base connected by semi-rigid joints (referred to as SPSF-SRJ hereinafter) is proposed in the present study with the goal of addressing the problem of excessive plasticity that a self-centering frame with a column base connected by rigid joints exhibits, and performance-based design goal of "no gap opening and no damage occurs during frequent earthquakes; gap openings are formed to dissipate energy, and no damage occurs to the main structure during design earthquakes; only extremely small structural damage occurs, and the structure can still normally operate during rare and extremely rare earthquakes (8.5 rare earthquake) is put forward. In addition, a pseudo-dynamic test is performed on the sub-structure of the SPSF-SRJ to investigate and discuss the seismic performance of the SPSF-SRJ, which is then compared with the seismic performance of an SPSF with a column base connected by rigid joints (referred to as SPSF-RJ hereinafter).
STRUCTURE OF A TYPICAL CONNECTION OF A SELF-CENTERING PREFABRICATED STEEL FRAME
A typical beam-column connection of a prefabricated prestressed steel frame system has a joint structure that connects a frame column and a prestressed steel beam ( Figure 1 ). A prestressed steel beam consists of a middle beam portion, two short beam portions, a strengthening device, a connecting device, and an energy-dissipation device. The connecting device consists of a vertical plate and a prestressed strand. The strengthening device consists of a transverse stiffener and a longitudinal stiffener that are welded onto the short beam web. The energy-dissipation device uses a web friction damper and contains steel splice plates, which are positioned on the two sides of the web of the middle beam portion, and friction bolts for energy dissipation. Long holes are created at locations on the web of the middle beam portion that correspond to the friction bolts. A brass plate is sandwiched between the web of the middle beam portion and the splice plate to ensure a stable friction coefficient. Stiffeners are installed at the location where the steel frame column levels with the flange of the short beam segment. 
PROTOTYPE STRUCTURE AND TEST MODEL

Prototype Structure
Based on the proposed performance-based design goal, studies on self-centering connection structures conducted by Georgios et al. [10, 11, 12, 13] , characteristics of self-centering prefabricated steel frames, related design standards of other countries [14, 15, 16, 17] , and the Code for Seismic Design of Buildings of China [18] , a 4-story SPSF-SRJ prototype structure that uses a web friction damper for energy dissipation was designed. Figure 2 shows the structural plane. Each span of the structural plane is 8 m; the first story is 3.8 m high, and the second to fourth stories are each 3.6 m high. The beam-column connections of the frame in the peripheral blue area are prefabricated prestressed steel frame. Box-section frame columns (section dimensions: □400mm×400mm×34mm) were used in the present study. Each frame beam had section dimensions of H588mm×300mm×12mm×20mm. All other beam-column connections were articulated. Each column had dimensions of □400mm×400mm×30mm. Each beam had dimensions of H588mm×300mm×12mm×20mm. M24 bolts were used as the bolts for energy dissipation and as the beam-column connecting bolts; 1×19 steel strands with a nominal area of 312.9 mm 2 were used. 
Test Model
The pseudo-dynamic test method for sub-structures was used in the present study. The SPSF in the middle of the bottom story of the prototype structure was selected as the sub-structure for testing. Considering the test conditions, the prototype structure was scaled down by 75%. The frame columns of the test model were under the same axial compression ratio as those of the prototype structure. In addition, the test model had the same ratio of imminent gap opening moment to the plastic limit moment of the section of the long beam as the prototype model. Figure 3 shows the detailed dimensions of the test model. The test model had a story height of 3.15 m and a span of 6 m. The model had H300mm × 300mm × 20mm × 30mm frame column, H450mm × 250mm × 14mm × 16mm middle beam segment,H482mm×250mm×14mm×30mm short beam segment. Each column stiffener had a thickness of 30 mm. The transverse stiffener and longitudinal stiffener of the short beam thickness is 30 mm and 20 mm, respectively. The vertical plate had a thickness of 30 mm. The reinforcing plate of the flange of the middle beam segment had a thickness of 16 mm and a length of 800 mm. Eight grade 10.9 M24 bolts were used as the bolts for the energy dissipation. Eight grade 10.9 M20 bolts were used as the beam-column connecting bolts. Eight 1×19 steel strands were used as the PT strands; an initial PT force value of 0.25Tu was selected for a single prestressed strand. Figure 3 . Detailed Dimensions of the Test Model （Side strands:S1、S4、S5、S8，Middle strands:S2、S3、S6、S7）
Material Properties
Five sectional specimen thicknesses were used -14 mm, 16 mm, 18 mm, 20 mm, and 30 mm. The steel product grade was Q345B. The mechanical properties of the specimen materials were tested and Table 1 lists the test results of the mechanical properties of the specimen materials. Table 2 lists the test results of the properties of the prestressed strand. Grade 10.9 bolts were used. The friction coefficient between the brass plate and steel plate was tested to be 0.34-0.38. 
4.
TEST SCHEME
Loading Device and Input Parameters
The multi-story structural remote cooperative pseudo-dynamic test platform (NetSLab_MSBSM1.0.0) developed by Hunan University was used in the present study. Due to the relatively large span of the SPSF-SRJ and the limited laboratory conditions, the axial pressure on the top of each column was applied through vertical prestressed strands, and 1×19 steel strands with a nominal diameter of 21.8 mm were still used for the test. Four prestressed strands were placed on each side of the structure. A single prestressed strand has a PT force of 189 kN. The lateral force was applied through a 200t actuator. Figures 4 and 5 show the schematics and a photograph of the loading device used in the test, respectively. Earthquake ground motions were used as inputs into the test platform structure to calculate the displacement, which was then exerted through the actuator. It was necessary to input the floor quality and theoretical inter-story restoring force model into the test platform to calculate the sub-structure. The floor quality, which was an input into the platform structure, was based on the floor quality of the prototype structure and the similarity relation between the test structure and prototype structure. The double-flag model provided by our research group was used as the theoretical inter-story restoring force model. The quality of each floor and the stiffness parameter were obtained through a finite element analysis of the planar frame. The column base connected by semi-rigid joints was realized by eliminating the pressure beam on the top of the column base and reducing the rotational stiffness of the column base ( Figure 4 ). 
Selection of Earthquake Ground Motions
Three earthquake ground motions, Taft, LOS000, and EL-Centro, were selected for the test. Figures  6-8 show the time history curves of the three selected earthquake ground motions. The peak ground acceleration (PGA) of the three earthquake ground motions were adjusted to 0.4g. In addition, the time history curves were converted to acceleration response spectra using the SeismoSignal software ( Figure 9 ). The first period of the test model was 1.23s. Each response spectrum curve essentially coincided with the standard response spectrum curve at the first period.
Seismic acceleration records with PGA= 0.07g, 0.2g, 0.4g, and 0.51g were inputs in the test according to earthquakes with four different levels: 8.0-degree frequent earthquake, design earthquake, rare earthquake, and 8.5-degree rare earthquake, according to Chinese Code for Seismic Design of Buildings(GB 50011-2010,2010). The three earthquake ground motions all had a time step of 0.01 s. Considering the reduced scale, the time step of each earthquake ground motion was adjusted to 0.0086s. A damping ratio of 0.05 was also selected. Before inputting the earthquake ground motions, preloading was performed to measure the actual stiffness of the test sub-structure, which was used as the basis for the subsequent calculation. 
Measurement Content
(1) Measurement of the load: the change in the load during the test process was measured using the sensor that was installed in the actuator.
(2) Measurement of the PT force of the prestressed strands: the changes in the PT force of the prestressed strands were recorded in real time using a 50t pressure load sensor. (3) Measurement of the displacements: as shown in Figure 10 , eight linear displacement potentiometers were placed at the gap opening of each connection to measure the width of the gap opening of each connection; the changes in the displacements were measured using the sensor that with a Column Base Connected by Semi-rigid Joints was installed in the actuator; a displacement meter with a measurement range of 150 mm was placed on top of the column on the east side to record the displacement of the top of the column; one displacement meter with a measurement range of 50 mm was placed on the east side of the column base, and another displacement meter with a measurement range of 50 mm was placed on the west side of the column base to record the horizontal slippage of the column base. (4) Measurement of the strain: strain gauges were installed on the flange of the short beam, flange of the long beam, flange of the column base, web of the column base, flange in the connection region, and web in the connection region in the transverse and longitudinal directions to measure the change in the strain at each location during the loading process. 
ANALYSIS OF THE TEST RESULTS
The dynamic characteristics of the SPSF-SRJ were studied by analyzing the displacement response of the structure, the gap openings of the connections, shear force of the base, hysteretic behavior, stiffness, PT force, and strain.
Deformation and Drift Response
Figure 11-12 shows a photograph of the lateral displacement of the column under the action of the EL-Centro ground motion (PGA=0.4g and PGA=0.51g). The actuator acts on the column on the west side, which means that the east side and west side of the structure have asymmetrical stiffness; therefore, the displacement on the west side is often slightly greater than that on the east side. In the present study, the structural displacement response analysis is performed using the non-loaded east side of the structure as an example. The structural displacement-time histories under the actions of the EL-Centro ground motion of different earthquake levels are shown in Figures 13 where all displacement histories return to zero at the end of the tests, demonstrating self-centering behavior. Table 3 lists the maximum displacement responses of the east side of the structure and the inter-story drifts. Under the action of the EL-Centro ground motion of PGA=0.07g, the SPSF-SRJ exhibits the maximum displacement response (18.94 mm), which is slightly larger than that of the SPSF-RJ (17.21 mm), because the lateral rigidity of SPSF-SRJ is usually less than that of SPSF-RJ. The SPSF-SRJ and SPSF-RJ have maximum inter-story drifts of 1/218 and 1/166, respectively; even though these maximum inter-story drifts exceed the elastic inter-story drifts limit defined in the Code for seismic design of buildings (1/250), the frames can essentially return to their original positions after an earthquake. Similarly, duo to the rigidity reason, the displacement of SPSF-SRJ (40.5 mm) is greater than that of SPSF-RJ (30.65 mm) under the action of the EL-Centro ground motion of PGA=0.2g. Figure 11 . Column Lateral Displacement Photographs from El-Centro (PGA=0.4g) 
5.2
Connections Gap Opening Figure 14～16 give photographs of the connections under the action of the EL-Centro ground motion of different earthquake levels and Tables 4 and 5 The effective energy dissipation coefficient (βE) can be used to quantitatively analyze the hysteretic behavior and energy dissipation capability of the SPSF-SRJ and SPSF-RJ. The βE refers to the ratio of the actual energy dissipation of a system to the energy dissipation for a bilinear elastic-plastic system with the same capacity. To enable a satisfactory response for the SC-MRF under seismic loading to be achieved, Seo and Sause [19] recommend that βE ≥ 0.25. Table 6 lists the βE of the SPSF-SRJ and SPSF-RJ under the action of different earthquakes levels. When PGA is 0.07g, there is no energy dissipation, and the βE are all zero. When PGA increases to 0.2g, the maximum βE of SPSF-SRJ and SPSF-RJ are 0.288 and 0.209. When PGA increases to 0.4g, the maximum βE of SPSF-SRJ and SPSF-RJ are 0.349 and 0.314. The βE are close to or greater than 0.25.When PGA increases to 0.51g, the maximum βE of SPSF-SRJ and SPSF-RJ are 0.296 and 0.295, respectively. The βE are all greater than 0.25. However, the βE of SPSF-SRJ are always greater than that of SPSF-RJ. 
Analysis of Secant Stiffness
The stiffness of a structure reflects the deformability of the structure. Due to the gap openings of the beam-column connections of the test frame, the stiffness of the test frame decreases with increasing number of test cycles and increasing deformation of the test frame during the test process; such a phenomenon is called the stiffness degradation. The secant stiffness ( i K ) is used to express the stiffness of the frame and is calculated using the following Eq. 1:
where Fi represents the value of the force at the i th peak point; Δi represents the value of the displacement at the i th peak point. Table 7 lists the secant stiffness of the SPSF-SRJ and SPSF-RJ. The stiffness of each structure exhibits a decreasing trend with increasing energy dissipated by the openings of the connections. The stiffness of the SPSF-RJ degrades from 19210 kN/m (PGA=0.2g) to 15021 kN/m (PGA=0.51g), whereas the stiffness of the SPSF-SRJ degrades from 15455 kN/m (PGA=0.2g) to 11119 kN/m (PGA=0.51g). The stiffness of the SPSF-SRJ is always lower than that of the SPSF-RJ. 
PT Force Analysis
PT force on the column
Four prestressed strands were placed on one column and the total initial PT force was 756kN (axial compression ratio is about 0.2).During the loading process, the maximum vertical PT force ranged from 6 kN at the peak ground acceleration of 0.07 g to 25kN at the peak ground acceleration of 0.51 g; the axial force remained essentially stable, as shown in Figure 19 . Figure 19 . PT Force on the Column from EL-Centro
PT force on the beam
The SPSF-SRJ has a span of 6 m. Each prestressed strand has an effective length of 5.06 m. After the gap openings of the connections were formed, the PT force of each prestressed strand increased with the increasing length of the prestressed strand. The extension of each prestressed strand is related to the gap opening rotation of the connections on the east and west sides. Therefore, the curves of the relationships between the PT forces and mean gap opening rotations are plotted for analysis. Figure 20 -22 shows the changes in the PT forces of the SPSF-SRJ and SPSF-RJ with the mean gap opening rotations when the SPSF-SRJ and SPSF-RJ are under the action of the EL-Centro ground motion of PGA=0.2g,0.4g,0.51g.The mean gap opening rotation is set as the abscissa, and T/Tu is set as the ordinate (T is the mean PT force during the test, Tu is the ultimate PT force, its value is 591 kN which is obtained based on the material properties of the prestressed strand.), the PT force of the side strand is the mean PT force of strands 1, 4, 5, and 8; and the PT force of the middle strand is the mean PT force of strands 2, 3, 6, and 7; Take the side strands for an example. The side strands of the SPSF-RJ and SPSF-SRJ have initial PT forces of 148 kN and 150 kN (0.25Tu), respectively, and maximum PT forces of 172 kN and 178 kN (0.30Tu), respectively. After the tests have terminated, the PT forces return to 148 kN and 148kN (0.25Tu), respectively; thus, there is essentially no loss of the PT forces of the side strands.
As shown in Figure 21 , when PGA increases to 0.4g, The prestressed strands of the SPSF-RJ and SPSF-SRJ have initial PT forces of 148 kN (0.25Tu) and 160 kN (0.27Tu), respectively, and maximum PT forces of 229 kN (0.39Tu) and 245 kN (0.42Tu), respectively. After the tests have terminated, the PT force of the SPSF-RJ and the SPSF-SRJ returned to 148 kN (0.25Tu) and 153 kN (0.26Tu), respectively; thus, there are nearly no losses in the PT forces.
As shown in Figure 22 , when PGA increases to 0.51g, The prestressed strands of the SPSF-RJ and SPSF-SRJ have initial PT forces of 141 kN (0.24Tu) and 154 kN (0.26Tu), respectively, and maximum PT forces of 254 kN (0.43Tu) and 266 kN (0.45Tu), respectively. After the tests have terminated, the PT force of the SPSF-RJ and the SPSF-SRJ returned to 141 kN (0.24Tu) and 148 kN (0.25Tu), respectively; which indicates that the prestressed strands of the SPSF-SRJ, the performance of the anchorage device, and the prestress tensioning method are reliable, providing a good basis for the SPSF-SRJ to normally operate and shows that it can bear the impacts from relatively large, multiple aftershocks after the occurrence of rare and extremely rare earthquakes. Under the action of ground motion of PGA=0.51g, the plasticity of each part of the SPSF-SRJ and SPSF-RJ continues to develop. In addition to the flange of the long beam of the SPSF-RJ being under the elastic state, all other parts of the SPSF-RJ had entered the plastic state; the strain at the location where the reinforcing plate is near the vertical plate on the long beam had a maximum value of 7273  ; the maximum yield strain at the flange of the short beam had a value as high as with a Column Base Connected by Semi-rigid Joints 4507  . During the test, the flange of the short beam, reinforcing plate, flange and web in the connection region of the SPSF-SRJ had entered the plastic state; the flange of the long beam had just entered the plastic state; the strain at the flange in the connection region did not exceed 2 y  .
Figures 26 and 27 show the strain-time histories of the flange of the short beams and the web plates in the connection regions of the SPSF-SRJ and SPSF-RJ. However, the flange and web of the column base of the SPSF-SRJ were all under the elastic state. Figure 28 gives the strain-time histories of the flanges of the column bases of the SPSF-SRJ and SPSF-RJ. The performance-based goal of "only relatively small damage occurs and the structure can still normally operate" was realized in the SPSF-SRJ under the action of a rare earthquake as well as a rare 8.5-degree earthquake.
Hence, the use of semi-rigid joints to connect the column base of a self-centering steel frame can effectively protect the column base; however, the plasticity of the flange of the short beam and web plate of the column in the connection region will increase. The web plate in the connection region can be strengthened via a steel plate in future designs to eliminate or reduce the damage on the entire column; only the steel beam would require repairs after an earthquake, significantly reducing the post-earthquake repair cost. (1) The performance-based design goal -"no opening and no damage occurs during frequent earthquakes; openings are formed to dissipate energy, and no damage occurs to the main structure during design earthquakes; only extremely small structural damage occurs, and the structure can still normally operate during rare and extremely rare earthquakes" -was realized in the SPSF-SRJ. ( 2) The stiffness of the SPSF-SRJ was lower than that of the SPSF-RJ. Therefore, the displacement responses and openings of the connections of the SPSF-SRJ were greater than those of the SPSF-RJ. The base shear force of the SPSF-SRJ was smaller than that of the SPSF-RJ. (3) Similar to the SPSF-RJ, the SPSF-SRJ also exhibited a good opening/closing mechanism. The SPSF-SRJ had a double-flag-shaped hysteretic curve. The SPSF-SRJ exhibited relatively good post-earthquake self-centering and energy dissipation capabilities. With increasing seismic acceleration peak values, the energy dissipation coefficient generally exhibited an increasing trend, and the energy dissipation capability of the SPSF-SRJ increased to a certain degree. (4) After the test, there were relatively small losses in the PT forces of the prestressed strands, indicating that the prestressed strands of the SPSF-SRJ, performance of the anchorage device, and prestress tensioning method are reliable, which provides a good basis for the SPSF-SRJ to normally operate and bear impacts from relatively large, multiple aftershocks after the occurrence of rare and extremely rare earthquakes. (5) There is a relatively large difference in the development of plasticity between the SPSF-SRJ and SPSF-RJ. The reinforcing plate of the SPSF-RJ enters the plastic state first when the SPSF-RJ is under the action of a design earthquake; afterwards, the flange of the short beam, flange and web of the column base, and web and flange in the connection region, connection of the SPSF-RJ enter the plastic state successively with increasing earthquake degree; under the protection of the reinforcing plate, the flange of the long beam maintains its elasticity throughout the process. Different from the SPSF-RJ, the SPSF-SRJ maintains its elastic state when the SPSF-SRJ is under the action of an 8-degree frequent earthquake as well as under the action of an 8-degree design earthquake. Under the action of an 8-degreerare earthquake, the web plate in the beam-column connection region of the SPSF-SRJ enters the plastic state first, after which, the reinforcing plate, flange of the short beam, and flange in the connection region enter the plastic state successively. Under the action of an 8.5-degree rare earthquake, the plasticity of the each part of the SPSF-SRJ continues to develop; however, the flange of the column base, web plate of the column base, and flange of the long beam all still maintain their elasticity. (6) Overall, using semi-rigid joints to connect the column base of a self-centering steel frame effectively protects the column base and allows the column base to maintain its elastic state; however, the plasticity of the web plate of the column in the joint region of the SPSF-SRJ will increase when compared with that of the SPSF-RJ. The column joint region should be strengthened in future designs to eliminate or reduce damage to the column; only the steel beam would require repairs after an earthquake, significantly reducing post-earthquake repair costs.
